IntRoductIon
Introduction of molecular oxygen into an anaerobic biosphere over 2.2 billion years ago triggered a drastic reorganization and expansion of complex molecular networks. 1 Under normal oxygen tension (normoxia), contemporary eukaryotic cells use this diatom to maximize the amount of energy extracted from glucose catabolism. Glycolytic conversion of each glucose into two pyruvate molecules generates only two ATPs. However, each pyruvate is then transferred to mitochondria to be converted into acetyl coenzyme-A (AcCoA) via pyruvate dehydrogenase (PDH). Further mitochondrial catabolism of AcCoA through the citric acid cycle (CAC) and the passage of high-energy electrons along a transfer chain (electron transfer chain, ETC) where molecular oxygen is the last acceptor generate a large amount of ATP and replenish glycolysis with nicotinamide adenine dinucleotides (NAD + ), a scarce cellular coenzyme that cannot be used stoichiometrically.
Cells facing low oxygen tension (hypoxia) shift to, or rely more on, anaerobic metabolism, which is defined here as the sum of processes generating ATP without utilizing oxygen, in an effort to maintain energy equilibrium and viability. [2] [3] [4] Mitochondrial respiration is repressed both passively by the scarcity of oxygen as an electron acceptor and actively by the hypoxia-inducible factor (HIF), a heterodimeric transcription factor involved in the maintenance of oxygen homeostasis. 5, 6 In the presence of oxygen, enzymes known as prolyl hydroxylases (PHDs) hydroxylate key proline residues within the a subunit of HIF (HIFa) (reviewed in ref. 7) . These post-translational modifications allow the von Hippel-Lindau tumor suppressor (VHL) to mediate the ubiquitylation of HIFa in the nucleus. VHL-mediated nuclear export then targets HIFa for degradation via the 26S proteasome in the cytoplasm. 8, 9 PHDs require molecular oxygen and hypoxia prevents hydroxylation of HIFa, allowing it to evade recognition by VHL. Stabilized HIFa dimerizes with the constitutively expressed b subunit of HIF (HIFb). HIF can then activate its target genes, which include glucose transporter-1 (Glut-1), vascular endothelium growth factor (VEGF), and carbonic anhydrase IX (CAIX).
Following a shift to hypoxia, initial production of reactive oxygen species (ROS) by an ETC destabilized by decreasing oxygen levels contributes to the induction of HIF, [10] [11] [12] [13] [14] [15] which in turn activates the PDH inhibitor pyruvate dehydrogenase kinase-1 (PDK-1). [16] [17] [18] The latter actively represses mitochondrial respiration to prevent toxic accumulations of ROS and ensures that no pyruvate is wasted in the form of AcCoA. Instead, hypoxic cells maximize anaerobic energy production by both triggering the Pasteur effect, a HIF-dependent increase in glycolytic rate, 5, 19 and converting pyruvate to lactate through fermentation, which efficiently replaces mitochondria with regard to the task of replenishing glycolysis with NAD + . 2 This causes extracellular acidosis as lactate molecules (La -) are coupled to hydrogen ions and released in the environment in the form of lactic acid (La -H + ). Although the production of lactic acid is often viewed as a terminal event of anaerobic metabolism, it has long been recognized that acidosis protects cells facing limited oxygen tension in various physiological and pathological settings, including muscle exercise, tumor development, and ischemic disorders. [20] [21] [22] [23] [24] [25] [26] We previously found that hypoxia-induced acidosis triggers nucleolar sequestration of VHL. This allows HIF to evade destruction and activate its target genes, including those involved in different aspects of energy supply, suggesting the existence of a hypoxic cell memory. [27] [28] [29] While hypoxic cells increase glycolytic ATP production, this process does not compensate for the loss of mitochondrial respiration resulting in energy starvation and cell death under prolonged hypoxia. 30 We reasoned that either hypoxia drives energy shortage or that anaerobic metabolism encompasses an additional program that guards energy balance and viability. In light of the defensive effects of acidosis in ischemic settings, we hypothesized that cells have evolved a mechanism utilizing fermentation protons to maintain energy equilibrium by increasing the production or decreasing the consumption of energy.
Here, we report that cells regulate energy demand by sensing the environmental concentration of hydrogen ions. H + produced under hypoxia promotes interactions between VHL and rRNA genes (rDNA) to reduce rRNA synthesis. This silencing program restricts ribosomal biogenesis, the most energy-demanding cellular process, [31] [32] [33] to preserve energy equilibrium and viability. Our data suggest that cells maintain constant ATP levels regardless of oxygen tension by controlling and gauging the environmental concentration of hydrogen ions. These findings also provide an explanation for the protective effect of acidosis in ischemic settings such as development, stroke and cancer.
ReSuLtS
H + limits energy expenditure in hypoxia. To study how cellular energy levels are altered under anaerobic metabolism (see introduction for definition), we incubated cells from various tissue origins in standard (SD) media, that prevents fluctuations in pH, or in acidification-permissive (AP) media, which is prepared to enable cells to naturally acidify their extracellular milieu to varying degrees under hypoxia (see experimental procedures). 27, 29 Similar to previous reports, hypoxia induced significant reductions in total ATP levels when cells were incubated under standard conditions (Fig. 1A) . 30 Unexpectedly, ATP concentrations were preserved when hypoxic cells acidified their environment to cell-type-specific pH thresholds (Fig. 1A) . The establishment of acidosis was associated with increased cellular viability as revealed by fluorescein-diacetate (FDA) staining and propidium iodide (PI) exclusion in costaining experiments (Fig. 1B and C) . We next set out to determine if H + -dependent maintenance of energy levels is the consequence of increased production or decreased consumption of ATP. Increases in glucose uptake and lactate release, which are triggered by hypoxia, were insensitive to fluctuations in pH (Figs. 1D and E), suggesting that acidosis does not increase ATP levels by modulating glycolysis, the Pasteur effect, or possible residual mitochondrial respiration. To study the effect of pH on energy consumption, hypoxic cells were treated with 6-deoxyglucose (6-DOG) to inhibit glycolytic energy production and ATP levels were monitored. Energy expenditure was lower in acidotic cells as demonstrated by a slower rate of ATP depletion (Fig. 1F) . In addition, ATP levels under hypoxia-neutral conditions declined before any apparent cell death (Fig. 1A and B, and data not shown), suggesting that mechanisms triggering the reduction in energy levels are upstream of the processes affecting viability. Taken together, this suggests that cells rely on fermentation protons and the ensuing acidosis to preserve cellular energy levels and viability by restricting energy demand to levels matching limited supply.
pH-dependent nucleolar condensation and restriction of rDNA transcription. While examining several cellular energy-parameters, we noticed that nucleoli of cells engaged in anaerobic acidosis exhibit changes that are characteristic of the transcriptional silencing of rDNA. Light microscopy revealed that nucleoli undergo a decrease in size ( Fig. 2A ). This was confirmed by assessment of the localization of the green fluorescent protein (GFP)-tagged B23 protein ( Fig. 2A and B) . While short exposure (3 h) of cells to RNA polymerase-I (RNAPI) inhibitors such as treatment with low concentrations of actinomycin-D (Act-D) only decrease nucleolar size, prolonged exposure (8 h) to these drugs results in the toxic fragmentation of nucleoli ( Fig. 2A , and asterisks and inset in 2B). 34 Unlike such toxic pharmacological treatments, prolonged incubation under physiological acidosis (up to 30 h) did not induce any nucleolar fragmentation (Figs. 2, A and B) , suggesting that acidosis might inhibit RNAPI and restrict ribosomal biogenesis in a fashion that does not disrupt nucleolar integrity. Next, immunohistochemistry analysis was performed on sections from glioblastoma tumors grown in the flanks of nude mice. Staining for endogenous B23 protein revealed that nucleoli of cells positioned closer to the core of tumors, which is thought to be more acidic, [35] [36] [37] exhibit a noticeably more condensed phenotype compared to nucleoli at the periphery (Fig. 2C) . Fibrillar centers constitute the nucleolar subcompartment where rDNA resides. Silencing of RNAPI is usually accompanied by the coalescence of fibrillar centers (FCs) into a few relatively well-defined foci, a phenomenon associated with the segregation of nucleolar subcompartments. 34 Coalescence of FCs under acidosis was revealed by assessment of the localization of the GFP-tagged FC protein RNAPI preinitiation factor upstream binding factor 1 (UBF1) (Fig. 2D and E) . DNA-associated proteins, like UBF1, exhibit increased residence time on DNA under transcriptional silencing conditions. 38 The dynamic properties of GFP-tagged UBF1 were thus analyzed by fluorescence loss in photobleaching (FLIP) experiments. 39 In FLIP, a living cell is repeatedly hit with a laser beam in the same region. Loss of fluorescence in an area outside the bleached spot is reflective of protein mobility between that area and the bleached spot. A rapid loss of UBF1-GFP fluorescence was observed in essentially the whole nucleus following repetitive bleaching of a small nucleoplasmic region in cells incubated under neutral conditions ( Fig. 2F and G) , highlighting the dynamic character of the protein chimera. UBF1-GFP displayed an H + -dependent increase in its residence time on rDNA with 34% of the protein pool still detectable after a 30 min FLIP experiment within coalesced FCs (Fig. 2F and G) . As previously reported, UBF1-GFP was highly mobile at earlier time points (data not shown and see Ref. 29) . None of these changes occurred when cells were prevented from acidifying their extracellular milieu under anaerobic conditions ( Fig. 2A-G) . Thus, we reasoned that by temporarily restricting ribosomal anabolism, the most energy-consuming cellular process (50-80% of total consumption), [31] [32] [33] fermentative protons would match anaerobic energy demands with limited supply. Consistent with this notion, chromatin crosslinking and immunoprecipitation (ChIP) revealed a decrease of about 75% in the level of acetylated histone H3 (AcH3) associated with the transcriptional termination site of rDNA (Fig. 2H , and see Fig. 4E for schematic of an rDNA gene unit), a region often hyperacetylated by RNAPI-activating signals such as Myc expression. 40, 41 The 5'-external transcribed spacer (5'-ETS) region of precursor rRNA (pre-rRNA) is rapidly processed following rDNA transcription and measurement of its levels by reverse transcriptase PCR (RT-PCR) directly reflects the rate of RNAPI activity (Fig. 4E) . 40 RT-PCR analysis employing primers specific to 5'-ETS revealed an H + -dependent decrease in pre-rRNA synthesis (Fig. 3A) , which occurred before reductions in the levels of rRNA products were observed (Fig. 3B ). A regulatory role for H + in rDNA transcription was supported by an acidosis-dependent reduction in the level of BrUTP incorporation into nascent rRNA in BrUTP pulse-chase experiments (Fig. 3C , notice that asterisk-marked green panels have triple the exposure time relative to other panels for the purpose of presentation) and by an H + -dependent decrease in the levels of UBF1 preinitiation factors bound to the rDNA promoter in ChIP experiments ( Fig. 3D and E) . rRNA processing was essentially unaltered by oxygen or pH levels since direct ethidium bromide staining revealed equimolar reductions of all three rRNA products (Fig. 3A) and since the vectorial path of BrUTP-labeled rRNA emanating from the nucleolus was preserved (Fig. 3C) . No difference was observed in the ability of RNA polymerases II and III to synthesize ARPP-P0/Actin and 5S rRNA, respectively ( Fig. 3A and  B) . Thus, acidosis restricts rDNA transcription under hypoxia.
Acidosis-dependent nucleolar condensation and restriction of rDNA transcription requires nucleolar VHL. Next, we set out to identify biochemical characteristics of the pH-dependent process modulating nucleolar condensation. Morphological changes to the nucleolus and reductions in pre-rRNA synthesis were observed only after reaching cell-type-specific hydrogen ion concentrations correlating with pH thresholds required to target the VHL tumor suppressor for static nucleolar detention (Figs. 2, 3 and 4A). 27,29 Figure 1 . Acidosis reduces cellular energy demand. (A) Acidosis preserves cellular energy levels under hypoxia. Fibroblasts or breast carcinoma cells were cultured either in standard media (SD, initial pH 7.0) or different acidification permissive media (AP, initial pH 7.0) that allow maximal hypoxia-induced extracellular acidification to pH 6.8, 6.4, or 6.0. Cells were then cultured under normoxia (21% O 2 ) or hypoxia (1% O 2 ) for 22 h, endpoint pH was measured, and cellular ATP levels were measured and normalized to cell number. Single asterisk denotes conditions of interest which will be tested hereon after. N is 9 for three independent experiments performed in triplicates, values are means, and bars represent standard error. Shown normoxic AP media had maximal acidification potential of pH 6.0 but media remained at pH 7.0 at endpoint. (B and C) H + preserves viability. Breast carcinoma cells, fibroblasts, or differentiated myotubes were cultured as in (A). FDA and PI were added 3. Immunohistochemistry analysis performed on sections of glioblastoma tumors revealed that the localization of endogenous VHL shifts from mainly cytoplasmic in cells near the tumor surface to mainly nucleolar deeper in the core of tumors, which is thought to be more acidic (Fig. 4B) . [35] [36] [37] Confocal microscopy of GFP-tagged VHL revealed that the tumor suppressor first appears in the nucleolus within well-defined foci (Fig. 4C , left panel) similar to condensed rDNA regions (Fig. 2D) . 34 We used fluorescence recovery after photobleaching (FRAP) to assess the kinetic properties of VHL-GFP within these early foci and determine the potential involvement of this tumor suppressor in H + -dependent rDNA silencing. 38, 39, 42 Specific cellular regions expressing fusion proteins were bleached with the use of a laser pulse that irreversibly quenches the GFP signal, and the recovery of signal in the bleached area was recorded by time-lapse confocal microscopy. The kinetics and extent of recovery of fluorescence in a cellular region following bleaching are reflective of the dynamics of the studied fluorescent chimeras. While nucleoplasmic VHL was highly mobile in hypoxic cells under neutral conditions, the protein was statically detained within these early subnucleolar foci (Fig. 4C and D) , suggesting a role for VHL in the acidosis-dependent restriction of rDNA transcription. 38 ChIP analysis revealed that nucleolar VHL was physically linked, directly or indirectly, with the intergenic spacer of rDNA around 27 Kb from the transcriptional start site (Fig. 4E and F) . 43 Silencing of endogenous VHL expression in MCF7 cells by use of small-interfering RNA (siVHL), which was equally functional under neutral and acidic conditions (Fig. 4G) , abolished H + -dependent nucleolar condensation (Fig. 4H) . VHL-deficient cells 7 failed to condense nucleoli, a phenomenon that was rescued by the reintroduction of hemaglutinin-tagged VHL (HA-VHL) by stable transfection (Fig. 4I) . Neutralization of the extracellular milieu by addition of NaOH or replenishing the cells with fresh neutral SD media abolished nucleolar condensation only after essentially all of the VHL protein pool was released from nucleoli ( Fig. 4J and K) , suggesting that condensation does not require complete sequestration of the VHL protein pool.
Pre-rRNA levels were insensitive to pH in VHL-deficient cells but stable expression of HA-VHL in these cells restored H + -dependent reductions in the levels of the precursor (Fig. 5A) . Silencing endogenous VHL expression in MCF7 cells abolished acidosis-dependent restriction of ribosomal biogenesis (Fig. 5B ). DC157 is a deletion mutant of VHL that localizes to the nucleolus and can compete with the wild-type tumor suppressor protein for nucleolar localization. 27 DC157 failed to induce nucleolar condensation when expressed in VHL-deficient cells incubated under hypoxia-acidosis, indicating that this mutant can be used as a dominant negative molecule (dnVHL) (data not shown). Expression of dnVHL into MCF7 cells abolished the constriction imposed by H + on ribosomal anabolism (Fig. 5C ). These findings suggest that acidosis-mediated restriction of nucleolar rDNA requires the H + -dependent relocation of VHL to the nucleolus.
H ± /VHL-dependent nucleolar rDNA remodeling is promoted by, but does not require, HIF activity. Mechanistically, hypoxia and acidosis promote HIF stabilization by inhibiting PHDs and triggering nucleolar sequestration of VHL, respectively. 7, 27, 29 Stabilized HIF activates several genes implicated in the cellular oxygen homeostatic response under hypoxia, including promotion of the Pasteur effect through activation of genes encoding glycolytic enzymes or cofactors. 5, 19 Introduction of dominant negative HIF (dnHIF) into MCF7 cells reduced the rate at which they acidified their extracellular milieu, as expected (Fig. 6A) . 44, 45 However, nucleolar condensation was still observed in these cells upon reaching pH 6.4 ( Fig. 6A and B) . We next tested the direct involvement of HIF activation in the observed pHdependent control of rDNA under low oxygen tension by incubating MCF7 cells expressing dnHIF (see ref. 44 for full characterization of this molecule) in SD media under hypoxia for 16 h (pH stable at 7.0), which stabilized both HIF-1a and HIF-2a but abrogated their ability to activate Glut-1 (Fig. 6C, lanes 1-6) . Cells were then replenished for 4 h with AP media conditioned to acidosis by direct addition of HCl (pH stable at 6.4) (Fig. 6C) or by another batch of cells (data not shown). Although HIF activity remained abrogated after acidification of dnHIF-expressing cells as revealed by Glut-1 mRNA levels (Fig. 6C, lanes 7-9) , 27,29 nucleolar condensation still occurred under hypoxia-acidosis (Fig. 6D) . Slight variations in the levels of reactive oxygen species, which reflect mitochondrial status, 
from equal number of cells were submitted to immunoprecipitations using indicated specific antibodies followed by PCR using primers specific to the rDNA promoter. Binding of RNAPII to the GAPDH gene served as positive control and input controls are shown (E). can have significant effects on HIF activity under hypoxia. [10] [11] [12] [13] [14] [15] Since HIF activity was not affected by pH under hypoxia (Fig. 6C, lanes  7 and 8, compared to lanes 4 and 5) , it is reasonable to suspect that ROS production is similar under both neutral and acidic conditions within our experimental settings. This suggests that the observed effects of H + on nucleoli are not due to gross pH-dependent differences in ROS production or mitochondrial status. Taken together, this reveals that H + /VHL-dependent nucleolar rDNA remodeling under hypoxia is promoted by, but does not require, HIF activity.
Intersection of pH and oxygen in the H ± /VHL-dependent control of nucleolar rDNA. We found that cells submitted to hypoxia-induced acidosis triggered nucleolar condensation and reductions in the levels of pre-rRNA, both of which persisted following reoxygenation until neutral pH conditions were reinstated (Fig. 6E) . Treatment of cells with AP media that had previously been conditioned to acidosis by another batch of cells in hypoxia (Fig. 6F,  lanes 2 and 5, compared to lanes 1 and 4) or by direct addition of HCl (Fig. 6F, lanes 3 and 6, compared to lanes 1 and 4) (pH stable at 6.4) triggered nucleolar condensation and reduced pre-rRNA levels both in the presence or absence of oxygen. SD media that was similarly conditioned by cells under hypoxia failed to induce any change in nucleolar morphology or rDNA transcription (Fig. 6F and data not shown). This reveals that H + does not require lactate molecules or hypoxia to trigger the observed phenotype.
Acidosis-dependent restriction of ribosomal biogenesis in the presence of oxygen also required VHL as siRNA-mediated silencing of endogenous VHL expression in MCF7 cells abolished the phenomenon (Fig. 6G) . Substitution of key proline residues within HIF-1a or HIF-2a to alanine generates HIFa variants (vHIF-1a and vHIF-2a) that evade proteasomal degradation and activate HIF target genes such as glucose transporter-1 (Glut-1) in the presence of oxygen (Fig. 6H) . 46, 47 Introduction of vHIF-1a or vHIF-2a (Fig. 6H) or dnHIF (data not shown) failed to affect pre-rRNA levels (Fig. 6H) or induce nucleolar condensation in normoxia (data not shown). Taken together, these findings suggest that pH overrides oxygen levels in the H + /VHL-dependent control of rDNA.
Abrogating H + -dependent rDNA restriction prevents acidosis from sustaining energy equilibrium and viability under hypoxia. We noticed that a small fraction of the MCF7 cell population (less than 2%), which failed to target VHL to the nucleolus under acidosis, 27 incorporated tryptan blue under hypoxia-acidosis (Fig. 7A ). Thus, we tested if abrogating rDNA silencing would prevent acidosis from preserving cellular energy equilibrium and viability. Silencing endogenous VHL expression in MCF7 cells prevented acidosis-dependent preservation of ATP levels and viability under hypoxia (Fig. 7B) . VHL-deficient 786-0 cells failed to maintain ATP concentrations or exhibit protection by acidosis under hypoxia but were resensitized to both of these effects of acidosis following the re-establishment of HA-VHL expression ( Fig. 7B and C) . These experiments were performed at time points where endogenous VHL was confined to nucleoli (Fig. 7D) , where the tumor suppressor is known to be statically detained ( Fig. 4D and see ref. 29 ), eliminating the potential implication of nonnucleolar functions of VHL in the herein observed energy homeostatic program. As expected, cellular viability was unaffected by dnHIF-mediated blockade of HIF activity under all tested conditions (Fig. 7E) . Although dnVHL introduced into VHL-deficient cells is statically detained by the nucleolar architecture, 29 this dominant negative molecule did not sensitize these cells to the protective effect of acidosis nor did it increase toxicity under hypoxia (Fig. 7F) . In stark contrast, introduction of dnVHL at levels sufficient to compete with the wild-type protein pool into both 786-0 cells stably expressing reintroduced HA-VHL as well as MCF7 cells abolished the protective effect of acidosis under hypoxia ( Fig. 7F and G) . 27 These results suggest that oxygen-starved cells conserve their limited energy by gauging the environmental concentration of hydrogen ions and restricting ribosome production.
dIScuSSIon
We report that cells regulate energy demand by sensing environmental H + concentration. Cells maintain their total energy levels and remain viable regardless of oxygen tension only when allowed to undertake the natural route to acidosis, a process explained by H + -dependent reduction in cellular ATP expenditure. We demonstrate that acidosis restricts ribosomal biogenesis, the most energy-demanding cellular process, at the level of pre-rRNA synthesis. Determination of the cell-type-specific pH thresholds required for RNAPI transcriptional silencing lead us to investigate the potential implication of the H + -dependent nucleolar targeting of VHL in this process. Nucleolar VHL interacts with the IGS of rDNA and was required for H + -dependent nucleolar condensation and reduction of rRNA synthesis. Abrogating this program by disrupting the expression or nucleolar accumulation of VHL abolishes the ability of acidosis to lower cellular energy demand, triggers energy starvation and decreases viability. H + /VHL-dependent nucleolar rDNA remodeling under hypoxia is promoted by, but does not require, HIF activity. These findings suggest that H + plays a crucial role in basic metabolism and provide a potential explanation for the protective effect of acidosis under ischemic settings.
We would like to amend the model of basic cellular metabolism by adding a central role for H + in modulating the demand side of the cellular energy equation. We propose a model where fermentation, in addition to sustaining ATP production by replenishing glycolysis with NAD + under hypoxia, also generates H + to restrict ribosomal biogenesis, thereby limiting energy expenditure (Fig. 8) . We envision two different paths that could lead to the induction of this energy-saving process. In the first scenario, increased lactic acid production at 25-75% of maximal cellular oxygen uptake (VO 2 max), 2 levels likely not low enough to directly stabilize HIF, 48 would target VHL to the nucleolus resulting in rDNA silencing and HIF activation to both restrict ATP consumption and promote energy production by glycolysis, respectively (Fig. 8) . Alternatively, sharper reductions in oxygen could first stabilize HIF, which then induces anaerobic glycolysis allowing fermentation to generate the hydrogen ions needed to lower cellular energy demands. Therefore, we propose that cells maintain constant ATP levels regardless of their relative engagement in aerobic or anaerobic metabolism, contrasting the traditional idea that hypoxia leads to energy starvation.
We share a view of the nucleolus where it acts as a hub that ensures cellular adaptation to alterations in environmental parameters. 49, 50 In addition to excluding VHL from certain molecular networks to promote the transcription of hypoxia-inducible genes, 29 static Figure 6 . H + /VHL-dependent nucleolar rDNA remodeling is promoted by, but does not require, HIF activity. (A and B) HIF activity promotes extracellular acidification. Adenovirus-mediated introduction of GFP-tagged dnHIF, but not GFP alone, lowers the rate of acidification of the extracellular milieu by MCF7 cells under hypoxia (A) but does not prevent nucleolar condensation which is observed in representative MCF7 cells expressing GFP-tagged dnHIF (22 h hypoxia) (B). Arrow heads highlight differences in nucleolar size. (C and D) Acidosis-dependent modulation of rDNA under hypoxia does not require HIF activity. MCF7 cells that are unaltered or expressing adenovirus-introduced GFP-tagged dnHIF or GFP alone were incubated in SD media under hypoxia for 16 h (pH stable at 7.0) then replenished for 4 h with AP media that had been conditioned to acidosis (pH stable at 6.4) by direct addition of the exogenous acid HCl. Cells were submitted to RT-PCR and western blotting (WB) at different time points (C) and quantitation of nucleolar condensation was performed on phase contrast images of cells from a parallel set (N is 30 nucleolar detention introduces VHL into a network that silences rDNA. Several molecules, including the replication factor PCNA as well as the transcription and repair factor TFIIH, respond to various signals and can alternate between dynamic and static states through interactions with different DNA domains. 38, 42, 51, 52 It is tempting to speculate that at least some of these molecules are implicated in molecular interactions reflective of "symbiotic relationships", similar to that of VHL with rDNA, where chromatin is modulated by statically detained proteins, which in turn abandon dynamic functions in other molecular networks.
The history of nucleolar evolution indicates that the IGS of rDNA underwent a disproportionate expansion in size relative to rRNA transcriptional units. 43 IGS is known to play key roles in the regulation of rDNA. 53 For example, non-protein-coding IGS transcripts are required for the establishment and maintenance of specific heterochromatic configurations at the promoter of a subset of rDNA arrays. 54 Interestingly, we found that VHL interacts with IGS at regions containing repeats proposed to act as enhancers for RNAPI transcription. 55 A possible role for nucleolar VHL in rDNA silencing could consist of inactivating such sequences by direct chemical modification, by preventing their interactions with regulatory molecules, or by recruiting silencing proteins. Whether evolutionary expansion in IGS size contributed to the evolution of the pH-dependent rDNA silencing program described here and whether ethanol fermentation activates similar mechanisms in different species or phyla is of considerable interest but remains to be determined.
Only a certain subpopulation of rRNA genes is active at any given time in the cell. 41 pH levels could be modulating rDNA transcription through two different approaches that are not necessarily mutually exclusive. Cells can control the number of transcripts that are made from each gene. Alternatively, as there are hundreds of rRNA genes, another strategy would be to turn subsets of the rRNA gene pool either "on" or "off ". Since both mechanisms could be rapid and efficient, future work should aid in identifying the exact approach that is employed by acidosis. Unlike acidosis, several previously identified regulated rDNA silencing signals result in nucleolar disintegration, a phenomenon that is believed to be caused by the complete loss of RNAPI activity and is associated with decreased viability. 56, 57 Acidosis might preserve nucleolar integrity by the fact that it only decreases, rather than completely abolish, rDNA transcription or by actively stabilizing the nucleolar architecture through another pathway. Identification of these processes should help identify precise and targeted approaches to test if restriction of rDNA under hypoxia-neutral conditions, without affecting the expression or nucleolar localization of VHL, would mimic acidosis and prevent energy starvation. We noticed that the occupancy of a fraction of VHL's nucleolar binding sites by dnVHL was sufficient to completely abrogate H + -dependent rDNA silencing. A possible explanation of these findings is that the stepwise spreading of VHL, and possibly other proteins, 58, 59 along the rDNA lattice restricts prerRNA synthesis but this remains to be tested. Such a model would be similar to that proposed for another system; here the stepwise spreading of the yeast Sir2 protein and its associated proteins along the DNA lattice is required for transcriptional silencing. 60 Sustainable biological systems balance the production and expenditure of energy. Introduction of oxygen into an anaerobic biosphere over 2.2 billion years ago triggered a drastic reorganization and expansion of complex molecular networks. 1 The advent of mitochondrial respiration and the steady rise in atmospheric oxygen facilitated the evolution of energy-demanding metabolic pathways otherwise incompatible with anaerobic energy production. Contemporary organisms that provisionally retreat to the less sophisticated energy generators under low oxygen tensions must therefore decrease cellular energy consumption to preserve equilibrium and avoid the deleterious effects of energy starvation. Our work reveals that cells rely on H + to accurately harmonize cellular energy demands with shifting supply and provides an explanation for the protective effect of acidosis in ischemic and hypoxic settings.
expeRIMentAL pRoceduReS
Cells and materials. C2C12 cells from ATCC (Manassas, VA) were differentiated by lowering the serum concentration from 5% to 0.5%. MCF7, 786-0 (VHL-defective), U87MG, and NIH3T3 cells were also obtained from ATCC (Manassas, VA). The generation of 786-0 cells stably expressing HA-VHL is previously described. 61 Viability was assessed with a 20 min and 5 min pretreatment with fluorescein diacetate (FDA, 5 mM) and propidium iodide (PI, 2 mM) (Sigma, St. Louis, MO), respectively. FDA and PI are unaffected by pH as neutralization of an acidic set or acidification of a neutral set immediately prior to addition of the dyes yielded essentially the same results. 6-deoxyglucose (6-DOG, 6 mM), sodium azide (NaN 3 , 0.02%, v/v), and actinomycin-D (Act-D, 10 mg.ml -1 , Calbiochem) was used where indicated. 6-DOG is insensitive to pH as glucose uptake and lactate release equally decreased following treatment of hypoxic cells with the drug under both neutral and acidic conditions. Cell culture. Normoxic cells were incubated at 37˚C under 5% CO 2 environment. Hypoxia was achieved by incubation in a hypoxic chamber at 37˚C under a 1% O 2 , 5% CO 2 and N 2 -balanced atmosphere. Acidosis experiments were conducted as previously described. 27, 29 For standard (SD) or acidosis-permissive (AP) conditions, buffer-free medium (DMEM; Invitrogen, Carlsbad, CA) was freshly prepared and supplemented with 5% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-streptomycin. Unless otherwise indicated, NaHCO 3 was added at a 44mM (or 18 mM for normoxia experiments) and the pH was adjusted to 7.0 (SD) or 6.0-7.0 (AP) with HCl. Air was bubbled into both media at 22˚C, which stabilizes the pH at 7.0. AP media slowly reverted to its original pH (6.0-7.0) under hypoxia, whereas the SD medium remained at pH 7.0. Transfected or adenovirus-infected cells were grown for 24 h under standard conditions before any treatment.
Plasmids and adenoviruses. VHL, its variants and mutants were cloned between an N-terminal Flag-tag and a C-terminal GFP-tag and into pcDNA3.1, as previously described. 8, 27 Adenoviruses were produced using the Cre-lox recombination system. We sincerely thank Tom Misteli (NCI, NIH, Bethesda, MD) for providing the UBF1-GFP construct, and Mark Olson (University of Mississippi Figure 8 . Model for the modulation of cellular energy demand by H + . (A) Several factors, including HIF activation under hypoxia, promote H + production and acidosis. Cells sensing increases in the environmental hydrogen ion concentration target VHL to the nucleolus to participate in the restriction of the energy-demanding process of ribosomal biogenesis preserving energy equilibrium and viability under low energy supply. (B) The role of H + in anaerobic metabolism. Fermentation, in addition to sustaining ATP production by replenishing anaerobic glycolysis with NAD + , also generates H + to restrict ribosomal biogenesis and limit energy consumption. Two different paths could lead to the induction of this energy-saving process. First, increased lactic acid production at 25-75% of VO 2 max, levels not low enough to directly induce HIF, targets VHL to the nucleolus where it silences rDNA to restrict ATP consumption. Nucleolar sequestration of VHL also induces HIF to actively block mitochondrial respiration and promote energy production by anaerobic glycolysis. Alternatively, sharper reductions in oxygen first stabilize HIF, which then induces anaerobic glycolysis allowing fermentation to generate the hydrogen ions needed to lower cellular energy demands.
were anti-human monoclonal VHL (BD Pharmingen, San Diego, CA), anti-human monoclonal LDH (Sigma, St. Louis, MO) and anti-human monoclonal B23 (Sigma, St. Louis, MO), all used at 1/1000. Negative controls were performed for all experiments and included irrelevant primary immunoglobulins of the same isotype or species. Antigen/antibody complexes were revealed by the Envision system (DakoCytomation, Carpinteria, CA) according to the manufacturer's protocol. Sections were counterstained with hematoxylin for 10 s, dehydrated in graded ethanol washes, and mounted with coverslips.
